Abstract In various mammalian species, shapes of action potentials vary within the cardiac wall because of differences in transient outward current (Ito). A prominent I,. exists in human ventricular myocytes, but cells have not been separated according to their original localization. Human ventricular myocytes were isolated from separated subepicardial and subendocardial tissue, and regional variations in 'to were studied. Ito was larger in subepicardial than subendocardial cells. Current density at +60 mV was 7.9±0.7 pA/pF (n=28) in subepicardial cells and 2.3+±0.3 pA/pF (n=16) in subendocardial cells. When cells from explanted failing and nonfailing donor hearts were compared, 'to was not different in subepicardial cells; however, it was larger in subendocardial cells from nonfailing hearts. The potential of half-maximal activation (V0.5) was more positive in subendocardial cells (+25.6+3.5 mV, n=15) than in subepicardial cells (+9.2±1.8 mV, n=28). There was no difference in Vo.s between cells from failing and nonfailing hearts. 'to inactivation was similar in all cell types and independent of membrane depolarization (time constant [r]= =60 milliseconds at 22°C). The potential of half-maximal steady-state inactivation was similar in all cell types. Recovery from inactivation of Io was fast in subepicardial cells at -100 mV (r=24+4 milliseconds, n=6), exceeding control values transiently (overshoot), and slow at -40 mV without overshoot (r=638+91 milliseconds, n=6). In subendocardial cells, I, recovered at -100 mV with a fast phase (r=25 milliseconds) and a slow phase (r=328 milliseconds), and recovery was not complete after 6 seconds at -100 mV. In conclusion, regional differences in Ito between subepicardial and subendocardial cells may have clinical implications with respect to rhythmic disturbance during heart failure. (Circ Res. 1994;75:473-482.) Key Words * transient outward current . human ventricular myocytes * arrhythmias H eterogeneity in action potential duration within the ventricular wall is considered responsible for the polarity of the T wave and hence appears essential for proper repolarization of the cardiac action potential.1'2 In hearts from several mammalian species, the action potential duration is shorter in the subepicardial than in the subendocardial tissue (for references, see Antzelevitch et al3), suggesting that a transient outward current (Ito) is more prominent in subepicardial than in subendocardial tissue. In fact, larger Ijs have been described in cells derived from the subepicardial region than from the subendocardial region for cat,4 rabbit,5 and dog6 hearts. Although human ventricular myocytes also possess a prominent Io as characterized recently,7-9 cells were not isolated separately from subepicardial and subendocardial sites for differential study. In the present communication, we have systematically analyzed differences in I,, of human myocardial cells derived from either location within the ventricular wall. We could demonstrate statistically significant differences. Regional differences in I, are
H eterogeneity in action potential duration within the ventricular wall is considered responsible for the polarity of the T wave and hence appears essential for proper repolarization of the cardiac action potential.1'2 In hearts from several mammalian species, the action potential duration is shorter in the subepicardial than in the subendocardial tissue (for references, see Antzelevitch et al3), suggesting that a transient outward current (Ito) is more prominent in subepicardial than in subendocardial tissue. In fact, larger Ijs have been described in cells derived from the subepicardial region than from the subendocardial region for cat,4 rabbit,5 and dog6 hearts. Although human ventricular myocytes also possess a prominent Io as characterized recently,7-9 cells were not isolated separately from subepicardial and subendocardial sites for differential study. In the present communication, we have systematically analyzed differences in I,, of human myocardial cells derived from either location within the ventricular wall. We could demonstrate statistically significant differences. Regional differences in I, are thought to contribute to the physiological regulation of excitation and conduction, and their disturbance during heart disease may lead to cardiac arrhythmia.3 Therefore, regional properties of I,o were studied not only in cells from terminally failing hearts but also in cells from healthy donor hearts. These results have been published in part in abstract form. 10 
Materials and Methods

Characterization of Patients
Myocytes were obtained from 10 explanted hearts from patients with heart failure and from four nonfailing donor hearts that could not be transplanted for technical reasons. Details of patient data are listed in Table 1 .
Cell Isolation
Tissue samples derived from human left ventricle were transported in cold cardioplegic solution maintained at 4°C and supplemented with 2,3-butanedione monoxime (30 mmol/L) for protection of the tissue against damage from Ca 2+ overload."1 In the laboratory, the sample was placed in Ca2-free oxygen-saturated solution. Epicardial fat and connective tissue were removed from the muscle specimen. To separate subepicardial and subendocardial tissue layers, -3-mm segments from either side of the ventricular wall were used, and the middle part (3 to 5 mm) was removed and examined separately. Cell isolation was performed in parallel for subepicardial and subendocardial tissue in separate setups. The tissue samples were cut into pieces =1 mm3 in size. Tissue chunks were washed three times in Ca2-free solution at 37°C and then gently stirred for 40 minutes in a solution containing collagenase (type I, 1.5 mg/mL, Sigma), trypsin (type III, 1 .0 mg/mL, Sigma), and bovine serum albumin (BSA, Behring ORD 20/21, 10 mg/mL, Behringwerke AG). After this first 
Whole-Cell Voltage Clamp
Experiments on myocytes were performed in a small Perspex chamber (volume, 0.5 mL) placed on the stage of an inverted microscope (Olympus IMT-2). The chamber was continuously perfused at a constant rate (2 mL/min; room temperature, 20°C to 22°C). For membrane current recordings, a single-electrode voltage-clamp technique was applied12 by using a patch-clamp amplifier (L/M-EPC7, List Electronic). For stimulus protocol design and data acquisition, the Axolab TL-125 interface and PCLAMP program V 5.5.1 (Axon Instruments) were used in connection with a personal computer. The electrodes were made from borosilicate filament glass (Hilgenberg) and were heat-polished. Tip resistances of the filled electrodes were 2 to 4 Mfl. The series resistance (access resistance) was kept below 10 Mfl and was compensated by at least 50%. With a current amplitude of 1 nA, the potential error amounted to <5 mV. The cell capacitance was measured with a small 5-millisecond voltage-ramp pulse from a holding potential of -40 to -35 mV (1 V/s). In this voltage range, the input resistance of the cells was largest, and time-dependent currents were not activated. To correct for variabilities in cell size, the absolute current amplitudes were divided by cell capacitance and expressed as picoamperes per picofarad. in EPI cells, and only for ENDO cells, a marginally significant difference between cells from nonfailing and failing hearts was observed.
At the end of the 300-millisecond test steps, some outward current persisted (see above). The current densities of these "late" outward currents are summarized in Table 2 . There were no differences in late outward currents between the four groups of ventricular myocytes. For further analysis, I,, is defined as the truly transient current component, ie, the difference between peak and late outward current.
In a preceding study, we have shown that I, is a K' current because it was outwardly directed and could be blocked by substitution of K' with Cs+ both in the superfusion and in the pipette solution.9 Assuming a linear current-voltage relation for the fully activated current, the Ito activation curve was constructed by calculating the conductance from peak It, amplitudes by assuming a reversal potential (Erev) of -55 mV. This method had to be used, because in ENDO cells, tail currents were too small to be measured reliably. A Boltzmann equation was fitted to the data points when the conductance showed saturation at positive membrane potentials (Fig 3) . For EPI cells, the potentials of half-maximal activation (V05) were +9.7±1.6 mV for 16 cells from two nonfailing hearts and +9.2±1.8 mV for 28 cells from seven failing hearts. For ENDO cells, the respective Vo.5 values were +23.1±4.2 mV (5 cells from three nonfailing hearts) and +25.6±3.5 mV (15 cells from seven failing hearts). Thus, half-maximal activation occurred at more positive potentials in ENDO cells compared with EPI cells irrespective of the presence or absence of heart muscle disease; ie, the difference was highly significant for nonfailing (P=.0016) and failing (P=.0001) hearts.
In EPI cells, the slope factor k was 15.4±0.7 mV (n=16) for cells from nonfailing hearts and 13.0±0.6 mV (n=28) for cells from failing hearts (P=.016). In ENDO cells, the respective values were 12.9 ±0.8 mV (5 cells from nonfailing hearts) and 18.1±1.6 mV (15 cells from failing hearts; P=.036, nonparametric test).
In 15 EPI cells (6 cells from one nonfailing heart and 9 cells from one failing heart), we have estimated activation curves from the amplitudes of tail currents measured at -30 mV in response to brief depolarizing test pulses between -40 and +80 mV with varying durations between 25 and 10 milliseconds to stay within the range of the peak current at each potential. This method does not depend on the assumption of a linear current-voltage relation since activation is measured at a constant driving force. The values for V0. For accurate analysis of the amplitude and kinetics of K+ currents, they have to be separated from the contaminating 1Ca. In the experiments described so far, Cd2`was used to block ICa. Because Cd2`has been reported to affect lto,12 we have also used the dihydropyridine derivative nifedipine to block ICa. In the presence of nifedipine (1 ,umol (Fig 5C and 5D) . A Boltzmann equation was fitted to the data points normalized to maximum ,to. (Fig SC) .
Recovery From Inactivation
To characterize 'to further, we have studied the recovery from inactivation at different reactivation potentials in 6 EPI cells derived from one nonfailing and three failing hearts. The data were pooled since they were similar in the individual cells, and so far, no differences had been detected between EPI cells from nonfailing and failing hearts. A 2-second conditioning clamp step to + 20 mV was used for activation and complete inactivation of 'to. Recovery from inactivation was measured after intervals of increasing duration (5 to 6000 milliseconds) at four different potentials (-100, -80, -60, and -40 mV) with subsequent test steps to +20 mV (Fig 6A and 6B) . Recovery from inactivation was expressed as the ratio of current amplitudes of test pulse to conditioning pulse.
At -40 mV, I, recovered slowly and almost completely; ie, 96.3±2.9% of current amplitude obtained with the conditioning step was reached after 6 seconds of recovery time. Recovery at -40 mV had a monoexponential time course (time constant of recovery [rT =638±91 milliseconds). With increasingly negative potentials (-60, -80, and -100 mV), recovery from inactivation became considerably faster. The amplitude of 'to in response to the test clamp step became even larger than that of the conditioning pulse, giving rise to an overshooting biphasic time course of recovery from inactivation as it declined again with longer reactivation intervals (Fig 6B) . The current overshoot was more pronounced at -100 mV than at more positive (but still negative) reactivation potentials. Relative was used to characterize the monoexponential recovery from inactivation as well as the monoexponential decline of the current overshoot. At -40 mV, however, a single monoexponential function resulted in the best fit (Fig 7) . The values for A, B, -rl, and r2 are summarized in Table 3 .
Since in ENDO cells I,, with test pulses to +20 mV was too small for reliable analysis, recovery from inactivation at -100 mV was studied with steps to +50 mV and compared with recovery in EPI cells obtained with similar test steps (Fig 8) Table 3 ). 
Discussion
The main objective of the present study was to characterize the basic electrical properties of the transient outward K' current in myocytes derived from the subepicardial and subendocardial region of human hearts. Since four donor hearts were available, we have also differentiated our results according to nonfailing and failing hearts. We have shown that (1) I,o is significantly larger in EPI than in ENDO cells, (2) the potential of half-maximal activation of Ito is more positive in ENDO than in EPI cells, and (3) marginally significant differences in 'to density between cells derived from nonfailing (donor) and failing hearts (transplant recipients) were only detected in the subendocardial region.
The present study is potentially limited by difficulties in isolating 'to from other contaminating currents, mainly INa and 1Ca. In spite of INa inactivation and 'Ca block, contamination cannot be ruled out completely.
However, putative modulation of I,, should be similar in EPI and ENDO cells and cannot account for the large differences in current densities observed in cells from these two locations.
Activation of It. and Current Density
The maximum current density determined in subepicardial cells was similar to our previously reported In cells of the midmyocardial region from failing hearts, I, was reported to be significantly smaller than for nonfailing hearts. 8 We did not observe such a difference in EPI cells; only in ENDO cells was it marginally significant. However, in our previous study in which no differentiation as to cell localization was attempted, no difference at all was detected between cells from failing and nonfailing hearts.9 There are many possible explanations for these discrepant findings. We may have missed an actually existing difference in ,to between cells from failing and nonfailing hearts because of the small number of donor hearts available for our study. It should also be stressed that there are large variabilities in the yield of elongated cells with clear striation between individual preparations. Furthermore, the isolation procedure may damage cells so extensively that they are all at a similarly low level of viability, with possible former in situ differences being eliminated. Although this is a serious limitation when using isolated Recovery From Inactivation 'to recovers from inactivation when the membrane is held at negative potentials. Recovery from inactivation is voltage dependent, being slow at -40 mV and much faster at -100 mV, as was tested in EPI cells. ;r values as reported in the literature are of similar magnitude in human ventricular and atrial myocytes (41.0 milliseconds at -80 mV for a fast recovery of two components found in ventricular cells,8 20 milliseconds at -100 mV).9 In human atrial myocytes, recovery of Ito was 34 milliseconds at -60 mV and 300C16 and 141 milliseconds at -60 mV or 54 milliseconds at -80 mV at room temperature.17 Recovery is similarly fast in dog,6 cat,4 and rat9 myocytes but was reported to be much slower for rabbit 'to (two rr values, a fast r, with 5.4 seconds and a slow rr with >15 seconds at 230C18 or 650 milliseconds and 8.4 seconds at 30°C).19 Recovery in ENDO cells followed a complex time course with a fast component as found in EPI cells (rj=25 milliseconds) and a slower component (rr=328 milliseconds). Even after 6 seconds at -100 mV, recovery was not complete and reached only 80% of the control pulse. Therefore, at least one additional (even more slowly recovering) phase must be assumed. Our findings are supported by preliminary evidence for slower recovery of 1,n in ENDO than in EPI cells from nonfailing hearts. 20 In the present study, we report a biphasic time course of recovery from inactivation in EPI cells, especially at negative membrane potentials. With short recovery intervals, Ito became larger than steady-state Ito at the same membrane potential. A similar phenomenon of biphasic recovery kinetics has been described for ICa in dog and guinea pig myocytes.21 Such a phenomenon can be explained if different closed channel states that must be traversed during reactivation exist; however, detailed analysis is beyond the scope of the present study. An alternative explanation is that complex potential-dependent interactions of Cd 2 with 'to take place.
The regional differences of IL in the human heart probably have important clinical implications. I1, is thought to contribute to the generation of the T wave, which is reversed during ischemia. The epicardial action potential is more sensitive to ischemia than is the endocardial one, 3 and it has been demonstrated that It, is modulated by changes in the metabolic state and is reduced under anoxia.22 During ischemia, the epicardial action potential shortens because the subtle balance of membrane currents is shifted to a relative enhancement of outward currents in the sensitive plateau range, which is at least partly due to inhibition of IC 23.24 and enhancement of the ATP-sensitive K' current.25 Selective blockade of It, could have antiarrhythmic properties by rebalancing inward and outward currents, and some antiarrhythmic agents (eg, quinidine) have pronounced blocking effects on Ito at therapeutically relevant concentrations.3 Regional differences have not only been described for 'to but also for other membrane currents (IK1 and delayed rectifier IK).26 Therefore, it will be of great interest to elucidate further the role of regional differences and distribution of ionic currents in the human heart and their role in the generation of arrhythmias as well as their importance as possible targets for antiarrhythmic drug therapy.
